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Introduction 
 
This is the first of a three year grant entitled “Metabolic stress induced by arginine deprivation induces 
autophagy cell death in prostate cancer”. The primary hypothesis of the research investigation is 
PEG-ADI represents a potential therapy of prostate cancer to induce metabolic stress by arginine 
deprivation and subsequent induction of autophagic cell death as a precursor to apoptosis in those 
prostate cancers lacking biosynthetic enzymes to make arginine. The specific aims to investigate this 
hypothesis are:  

1) We will demonstrate that in those prostate cancer cells lacking ASS for which arginine is an 
essential amino acid, metabolic stress induced by arginine deprivation achieved by ADI-
PEG treatment induces autophagic cell death as a precursor to apoptosis via a DRAM-
dependent pathway. From these studies, we will show: 1) ASS expression predicts cellular 
response to PEG-ADI, 2) PEG-ADI therapy induces arginine deprivation, 3) the 
consequence of the metabolic stress is the initiation of autophagosome assembly and 
progression to autophagic cell death, and 4) DRAM induction is required for PEG-ADI 
induced autophagy. 

2) We will demonstrate that the induction of PEG-ADI induced autophagy in prostate cancer 
cells is a precursor to apoptosis; furthermore, these events sensitize cells to traditional 
chemotherapy-induced apoptosis. Autophagy mediators will be altered to determine effect 
on sensitivity to PEG-ADI induced cellular events. In addition, PEG-ADI will be combined 
with traditional chemotherapy to determine effect on apoptosis and in vivo tumor response.  

 
Body 
 

Significant progress has been accomplished during the first year of this 3-year award leading to 
two publications (1, 2). The initial focus of the investigation was the characterization of the auxotrophic 
requirements for prostate cancer cell lines for the semi-essential amino acid arginine. We have used two 
methods of arginine deprivation, arginase and arginine deiminase (ADI). Both of these enzymes shuttle 
arginine away from the urea cycle and have been demonstrated to reduce intracellular arginine. 
Arginase has limited clinical applications due to rapid plasma degradation; we have been fortunate to 
develop a collaborative research agreement with Polaris Pharmaceuticals, who have developed a  
pegylated form of ADI (PEG-ADI) that 
has reduced serum degradation. A 
necessary requirement for the 
proposed studies was to demonstrate 
that intracellular arginine was in fact 
depleted following PEG-ADI treatment.
We used HPLC to characterize amino 
acid levels in CWR22rV1 cells, which 
we had demonstrated lacks the 
enzyme argininosuccinate synthetase 
(ASS), the rate-limiting step in arginine 
metabolism.  We noted that withing 24 
hours of PEG-ADI treatment, arginine 
levels had decreased to undetectable 
levels (Figure 1). 
 

Arginine Arginine

Figure 1. Levels of amino acids in exponentially growing 
CWR22 cells (left) and 24 hrs after treatment with PEG-ADI 
(1 μg/ml) (right)

 We have since characterized the expression of ASS in a panel of human prostate cancer cell 
lines as well as a tissue microarray of human prostate tumor specimens (1). We noted that there was a 
frequent lack of expression of ASS. The cellular effect of arginine deprivation achieved by PEG-ADI 
treatment was then determined both in vitro and in vivo. We observed that cell lines deficient in ASS 
expression underwent autophagy and programmed cell death, though not the traditional caspase-



dependent apoptosis (1). Our data suggests that expression of ASS is a predictive marker of response 
to PEG-ADI, and only those prostate cancer cell lines auxotrophic for arginine will undergo programmed 
cell death following arginine deprivation (2). We have further investigated the role of autophagy in the 
cellular response of these prostate cancer cell lines. Our studies have primarily utilized CWR22rV1, 
which lacks ASS expression. Using both pharmacologic inhibitors of autophagy (chloroquine) as well as 
molecular inhibitors (siRNA-mediated knockdown of Beclin-1, a protein necessary for the initial 
assembly of the autophagosome), we noted that when autophagy is inhibited, the cell death is 
accelerated following PEG-ADI treatment (reference 1 manuscript, figure 5, attached in appendix). 
These data suggest that autophagy following PEG-ADI participates in the induction of cell death by 
providing a survival mechanism (2). 
 
In order to demonstrate that lack of ASS expression is both required for the cell death following PEG-  
ADI treatment as well as useful as a 
predictive marker, we have cloned the 
ASS cDNA. In brief, we used the NIH-
MGC-75 library to perform PCR for the 
ASS cDNA from the Image Clone ID 
No. 4042389 in the pDNR-LIB vector 
from the IRAU library. It has 
subsequently been subcloned into the 
eukaryotic expression vector, 
pCDNA3.1. We have initially performed 
transfection into the CWR22rV1 cell 
line, which lacks endogenous ASS 
expresson (Figure 2). This cell line will 
now allow us to directly test our 
hypothesis that ASS expression 
correlates with cellular response to 
arginine deprivation achieved by PEG-
ADI treatment 

ASS Level in CWR22RV1 After ASS 
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Figure 2. Evaluation of ASS expression in CWR22rV1 cells 
before and after transfection of a eukaryotic expression vector 
encoding the ASS cDNA. The CWR22rV1 cell line lacks 
expression of ASS, and we have shown is auxotrophic for 
arginine.

. Given our investigation of the role of autophagy in the cellular response of prostate cancer to  
PEG-ADI, we wished to develop a 
method to evaluate autophagy in 
xenografts for further in vivo 
characterization. Using the 
CWR22rV1 tumors from our initial in 
vivo experiment, we screened the 
tumors from the PEG-ADI treatment 
group for expression of a variety of 
autophagy-related proteins. 
Expression was evaluated using 
immunohistochemical techniques; we 
feel that this would provide us with the 
necessary method to further 
characterize the role of autophagy in 
tumor response. After screening a 
variety of antibodies, we noted that 
expression of ATG9A was increased 
in those tumors undergoing treatment 
with PEG-ADI (Figure 3). We are now 
performing in vitro studies to 
demonstrate that the ATG9A  
 

CWR-22Rv1 xenografts – ATG9A immunostaining

Control PEG-ADI

Figure 3. Immunohistochemical expression of ATG9A in 
CWR22rV1 xenografts grown in athymic mice. Mice were 
treated with PBS (Control, left) or PEG-ADI (5 IU intraperitoneal
injection, twice weekly). Increased expression of ATG9A was 
observed in those tumors from mice treated with PEG-ADI.

expression pattern is consistent with induction of autophagy and can be used as a marker in subsequent 



in vivo studies. 
 

The initial evaluation of biochemical signaling cascades altered following PEG-ADI treatment in 
CWR22rV1 demonstrated induction of AMP kinase and ERK1/2 (reference 1, Figure 4, attached in 
Appendix). AMP kinase is regulated by levels of AMP/ADP and is involved in initial responses to 
alteration in cellular metabolism. Both AMP kinase and ERK1/2 have been demonstrated to be involved 
in the regulation of autophagy, but not previously described in response to amino acid starvation (3, 4). 
We therefore sought to determine whether these kinases are central regulators of autophagy by 
examining CWR22rV1 cells following treatment with another inducer of autophagy, namely mTOR 
inhibition by rapamycin (5). We first demonstrated that rapamycin induces autophagy in these cells 
using our CWR22Rv1:GFP-LC3 cell line to evaluate for autophagosome assembly (data not shown).  
We then examined the cells 
following treatment with 
rapamycin (2 μM) for various time
points. As expected, we noted 
rapid and potent inhibition of S6 
kinase, a downstream partner in 
the mTOR signaling cascade. But 
interestingly, we observed an 
activation of AMP kinase, which 
is postulated to be upstream of 
mTOR (Figure 4). Therefore, 
using two different methods to 
induce autophagy (amino acid 
deprivation with PEG-ADI and 
mTOR inhibition with rapamycin), 
we note the induction of AMP 
kinase activity. Our future 
investigations will determine the 
role of AMP kinase in autophagy 
and cell death induced by PEG-
ADI. 
 

Rapamycin (2μM) Time Course in CWR22RV1 Cell Line 
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Figure 4. Time course of rapamycin (mTOR inhibition) in 
CWR22rV1 cells evaluated for protein expression of indicated 
kinases, including phosphorylated forms to evaluate for 
activation/inhibition.

 
Key Research Accomplishments 
 

1. Characterization of prostate cancer cell lines and tumor specimens for ASS expression 
2. Characterization of prostate cancer cell lines for cellular response to arginine deprivation 
3. Creation of stable cell lines of PC-3 and CWR22rV1 expressing eGFP-LC3 for use in evaluation 

of the autophagy response 
4. Development of a non-radioactive assay for arginine metabolism 
5. Cloning of the ASS cDNA and development of a eukaryotic expression vector 
6. Identification of ATG9A as an appropriate immunohistochemical marker of autophagy in xenograft 

specimens 
 
 
Reportable Outcomes 
 
Manuscripts: 

1. Kim, R.H., J.M. Coates, T.L. Bowles, G.P. McNerney, J. Sutcliffe, J.U. Jung, R. Gandour-
Edwards, F.Y.S. Chuang, R.J. Bold, and H-J. Kung.  Arginine deiminase as a novel therapy 
for prostate cancer induces autophagy and caspase-independent apoptosis.  Cancer 
Research, 69(2):700-708, 2009. 



2. Kim, R.H., R.J. Bold, and H-J. Kung. ADI, autophagy and apoptosis: Metabolic stress as a 
therapeutic option for prostate cancer. Autophagy. 5(4):567-8, 2009. 

 
 
Conclusion 
 
In our first of a three year grant entitled “Metabolic stress induced by arginine deprivation induces 
autophagy cell death in prostate cancer”, we have made significant progress in the investigation of our 
central hypothesis. We have completed two of the four sub-aims for Aim 1 (We will demonstrate that in 
those prostate cancer cells lacking ASS for which arginine is an essential amino acid, metabolic stress 
induced by arginine deprivation achieved by ADI-PEG treatment induces autophagic cell death as a 
precursor to apoptosis via a DRAM-dependent pathway). We proposed to investigate DRAM as a 
mediator of autophagy and plan on initiating these studies in the coming year. We have completed one 
of the two subaims of Aim 2 () We will demonstrate that the induction of PEG-ADI induced autophagy in 
prostate cancer cells is a precursor to apoptosis; furthermore, these events sensitize cells to traditional 
chemotherapy-induced apoptosis). In the coming year, we plan to investigate the interaction of arginine 
deprivation with traditional chemotherapy. Our preliminary data in vivo (reference 1, Figure 3, attached 
in Appendix) suggests and interaction between these two therapeutic approaches, though we will further 
characterize in vitro. 
 
As far as the financial conduct of the research, we are well within the budget without any significant 
deviations noted or anticipated. 
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